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52 The Journal of Thoracic and Cardiobjectives: In single-ventricle physiology with aortopulmonary connection, dia-
tolic hypotension could alter regional myocardial blood flow. Also, afterload increases
ould impair myocardial blood flow by increased wall tension and relative suben-
ocardial malperfusion. This study explores the effects of acute single-ventricle
hysiology on regional myocardial blood flow distribution and investigates the
onsequences of moderate afterload augmentation on myocardial blood flow.
ethods: Single-ventricle physiology was created in 8 piglets without using bypass,
nd 8 animals served as a sham control group. Aortopulmonary shunt, echo-guided
trial septostomy, tricuspid valve avulsion, and pulmonary artery occlusion allowed
he left ventricle to support systemic and pulmonary circulations. Afterload aug-
entation was produced by aortic balloon inflation. Physiologic recordings and
table-isotope microsphere determination of myocardial blood flow to the subepi-
ardium and subendocardium were obtained at baseline and during single-ventricle
hysiology (at 30 minutes, 120 minutes, and afterload increase).
esults: Arterial oxygen content, diastolic pressure, and coronary perfusion pressure
eclined after creation of single-ventricle physiology (P  .05). Acute single-ventricle
hysiology resulted in higher myocardial blood flow (P  .05), unchanged subendo-
ardial/subepicardial flow ratio and oxygen delivery, and lower coronary resistance (P
.01) as compared with biventricular physiology. Afterload augmentation increased
oronary perfusion pressure, causing a trend for higher myocardial blood flow and
xygen delivery (P  NS), without affecting subendocardial/subepicardial flow dis-
ribution. Myocardial oxygen supply/demand balance fell in single-ventricle
hysiology, remaining unchanged during afterload augmentation.
onclusions: Our study demonstrates that, in acute single-ventricle physiology with
ortopulmonary shunt, myocardial blood flow is maintained by lower coronary
erfusion pressure. Further, single-ventricle physiology results in less favorable
yocardial oxygen supply/demand balance, although normal transmural myocardial
lood flow distribution is maintained. Avoidance of diastolic runoff (ventricle-
ulmonary conduit) could improve coronary reserve. In our study, moderate after-
oad augmentation did not induce relative subendocardial malperfusion, nor did it
orsen oxygen supply/demand balance.
niventricular physiology with aortopulmonary connection is associated
with an increased risk of myocardial ischemia.1-3 Coronary flow may b
compromised by diastolic runoff through the systemic-pulmonary shunt,ith consequently lower diastolic pressure and coronary perfusion pressure
vascular Surgery ● August 2006
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Ricci et al Surgery for Congenital Heart DiseaseCPP).4,5 Hypoxemia, increased volume load, and unb-
nced pulmonary-systemic flow distribution may contribute
o adversely affect the myocardial oxygen supply/demand
elationship.4,5
Acute myocardial ischemia is a known cause of sudden
eath early and late after palliation of human single-ventricle
hysiology (SVP).6 Changes in systemic vascular resistan
SVR) have been proposed as a potential mechanism for
yocardial ischemia and reduced ventricular function. In
VP, a sudden decline in SVR can result in inadequate
oronary perfusion.5,6 Sudden increases in SVR have a
een proposed as a cause of unexpected cardiovascular
ollapse, although the mechanism remains unclear.7 Higher
VR could abruptly increase ventricular wall tension, wors-
ning myocardial supply/demand equilibrium.8 Further, it
ould alter transmural myocardial blood flow (MBF) distri-
ution, resulting in relative subendocardial malperfusio8
owever, higher SVR could also increase CPPs, thereby
romoting coronary flow.
MBF is difficult to investigate in SVP, clinically or
xperimentally, owing to the need for invasive measure-
ents and the challenges of animal models. To date, there
re no experimental studies on myocardial perfusion in
VP, and data from clinical studies are limited.3,9 The
onsequences of SVP on regional MBF distribution and
xygen delivery have been incompletely characterized. Fur-
her, the effect of afterload increases on MBF is unknown.
s a result, we studied MBF and myocardial oxygen deliv-
ry in an acute piglet model of SVP, and we investigated the
onsequences of afterload augmentation on regional MBF
istribution.
ethods
nimals
ewborn Yorkshire piglets weighing 3.7  0.4 kg were used. The
tudy was approved by the Animal Care and Use Committee of
he University of Miami and was carried out in compliance with
he 1996 National Research Council guidelines for the Care and
se of Laboratory Animals (National Institutes of Health publica-
Abbreviations and Acronyms
CaO2  arterial oxygen content
CPP  coronary perfusion pressure
LV  left ventricle/ventricular
MBFmyocardial blood flow
NS  not significant
RPP  rate-pressure product
SVP  single ventricle physiology
SVR  systemic vascular resistanceion No. 85-23, revised 1985). p
The Journal of Thoracicurgical Preparation
iglets were anesthetized with intramuscular ketamine (40 mg/kg)
nd xylazine (4 mg/kg), intubated via tracheostomy, and placed on
olume-controlled ventilation (tidal volume 25-30 mL/kg, rate 25
reaths/min, inspired oxygen fraction 25%). Anesthesia was main-
ained with continuous infusion of fentanyl (50 g · kg1 · h1),
ancuronium (0.4 g · kg1 · h1), and midazolam (0.2 g · kg1 ·
1). A catheter was inserted in the femoral artery for pressure
onitoring and blood sampling. A 6F introducer sheath was in-
erted in the opposite femoral artery and used for intra-aortic
alloon inflation (afterload augmentation). A 7F introducer sheath
as placed in the femoral vein for fluid administration and sub-
equent insertion of an atrial septostomy catheter. The electrocar-
iogram and rectal temperature were monitored.
The SVP model resembled that described previously by oth-
rs.10,11 Through a sternotomy, catheters were placed in the 
nd left atria. Heparin was given (150 units/kg), and a 3.5-mm
olytetrafluoroethylene shunt (Gore-Tex shunt; W. L. Gore &
ssociates, Inc, Flagstaff, Ariz) was interposed between the aorta
proximal to the takeoff of the innominate artery) and the pulmo-
ary artery. The shunt was initially kept clamped, while a 2-mL
alloon septostomy catheter (Medtronic Vascular, Danvers, Mass)
as advanced from the right femoral vein into the right atrium.
picardial 2-dimensional echocardiography was used to perform a
ullback septostomy. The same catheter was then advanced into
he right ventricle. The tricuspid valve was made incompetent by
epeatedly withdrawing the inflated balloon across the valve. Last,
he shunt was opened, and the main pulmonary artery was oc-
luded. This allowed the left ventricle (LV) to support both sys-
emic and pulmonary circulations, reproducing a physiology sim-
lar to that of pulmonary atresia with intact ventricular septum
Figure E1).10,11 In this model, avulsion of the tricuspid valv
ecessary to prevent right ventricular distention.10-12 The ade-
uacy of the atrial septostomy was confirmed by epicardial echo-
ardiography (Figure E1). Afterload augmentation was produ
y balloon inflation in the distal descending thoracic aorta for 15
inutes to completely occlude the aortic lumen.
Animals treated as sham controls received identical prepara-
ion, but were kept in a biventricular state. A shunt was constructed
y use of similar surgical maneuvers, and clamped. The atrial
eptostomy and tricuspid valve avulsion were simulated by ma-
ipulating the catheter against or across the atrial septum and
ricuspid valve, without inflating the balloon.
xperimental Protocol
ight piglets were included in the SVP group, and 8 were treated
s sham-operated controls. All animals were ventilated at an in-
pired oxygen fraction of 25%, adjusting the rate to maintain a
arbon dioxide tension of 35 to 45 mm Hg. Rectal temperature was
ept at 35.5°C to 36.5°C. On the basis of previous experienc13,14
ormal saline (4 mL · kg1 · h1), dopamine (5-10 g · kg1 ·
in1), and epinephrine (0.05-0.1 g · kg1 · h1) were admin-
stered to maintain cardiovascular stability in the SVP group.
notropic support was managed identically in sham-operated con-
rols to allow meaningful comparisons. Minimal adjustments were
ade so as to maintain the systolic blood pressure as close asossible to baseline. Fresh whole blood was infused to replace
and Cardiovascular Surgery ● Volume 132, Number 2 253
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Surgery for Congenital Heart Disease Ricci et al
2lood losses and maintain hemoglobin levels close to baseline. An
dentical protocol was used in controls.
Physiologic measurements were obtained at baseline (at least 2
ours after induction of anesthesia) and after conversion to SVP (at
0 minutes, 120 minutes, and afterload augmentation for 15 min-
tes). These included hemodynamic parameters, blood sampling
or gas analysis, and determination of hemoglobin and lactate.
ardiac output (excluding coronary flow) was determined by use
f a perivascular electromagnetic flowmeter, and MBF by micro-
pheres. At completion, piglets were humanely killed with potas-
ium chloride and fentanyl. An autopsy demonstrated the adequacy
f the septostomy and aortopulmonary shunt. The LV free wall
as excised. The subendocardium and subepicardium were di-
ided by dissecting the myocardium in two layers (2-3 mm each).
ham-operated controls received identical preparation but were
ept in a biventricular state. Measurements were obtained at base-
ine and after the simulated septostomy (at 30 minutes, 120 min-
tes, and afterload augmentation for 15 minutes).
Regional blood flow determinations. Stable-isotope micro-
pheres (15 5 m) (BioPhysics Assay Laboratory, Inc., Worces-
er, Mass) were used as described previously.13-15 Microspheres
abeled with gold, samarium, ytterbium, and lutetium were admin-
stered over 3 to 5 seconds in the left atrium, while reference
amples were collected over 90 seconds from the femoral artery
2 mL/min). A total of 1  106 microspheres were injected in the
iventricular state, whereas 2.5  106 microspheres were injected
n SVP. Tissue samples were weighed fresh, dried, and sent for
nalysis to BioPhysics Assay Laboratory for processing.15 Re-
ional MBF was expressed in milliliters per minute per 100 gm,
nd calculated by normalizing the concentration of microspheres
n the tissue sample to the concentration in the reference
ample.13-15
Physiologic measurements and calculations. Total cardiac
utput (excluding coronary blood flow) was determined by an
lectromagnetic perivascular flowmeter (Transonic Systems Inc,
thaca, NY) placed on the ascending aorta. Pulmonary blood flow
as determined by placing the flowmeter on the pulmonary artery
istal to the aortopulmonary shunt, as described by others.10,11 In
VP, total systemic blood flow was calculated as follows: Total
ardiac output (mL/min) – Pulmonary blood flow (mL/min). Ad-
itional parameters were calculated by the following equations:
Coronary perfusion pressure (CPP) (mm Hg)  Aortic dia-
tolic pressure (mm Hg) – Right atrial pressure (mm Hg).
Coronary resistance (mm Hg · mL1 · min · 100 g)  (Aortic
iastolic pressure [mm Hg] – Right atrial pressure [mm Hg]) 
MBF [mL · min1 · 100 g1]).
Subendocardial/subepicardial flow ratio  Subendocardial flow
mL · min1 · 100 g1)  Subepicardial flow (mL · min1 · 100 g1).
Arterial oxygen content (CaO2) (mL O2/mL)  (Hemoglobin 
.36  Arterial oxygen saturation)  (0.0031 arterial oxygen
ension).
Myocardial oxygen delivery (mL O2  min1  100 g1) 
BF  CaO2.
Myocardial oxygen demand was estimated by the rate-pressure
roduct (RPP), as previously described by others.16 To compen-
ate for the substantial increase in total LV output occurring after
onversion to SVP, we expressed the RPP as a multiple of the LV
utput increase from baseline, as shown by the following equation: i
54 The Journal of Thoracic and Cardiovascular Surgery ● Auguyocardial O2 demand  RPP  (SVP LV flow  Baseline LV
ow).
tatistical Analysis
ll data were expressed as means  SEM. One-way analysis of
ariance was used to compare variables within groups, whereas
etween-group comparisons were made by 2-way analysis of
ariance with Tukey post-hoc correction. The t test was used for
tatistical comparisons between the two groups at selected data
ollection points.
esults
hysiologic parameters are summarized in Table 1. Do
ine administration did not differ between the SVP and
ontrol group (from 7.1  0.8 to 7.8  0.8 to 6.5  0.8
o 6.5  0.8 g · kg1 · min1 in SVP animals at baseline,
0 minutes, 120 minutes, and afterload, respectively, versus
.5  0.7 to 8.5  0.7 to 8.5  0.7 to 8.5  0.7 g · kg1 ·
in1 in controls: P  .7), nor did epinephrine adminis-
ration (from 0.07  0.01 to 0.07  0.01 to 0.06  0.01 to
.06  0.01 g · kg1 · min1 in SVP animals at baseline,
0 minutes, 120 minutes, and afterload, respectively, versus
.06  0.008 to 0.06  0.008 to 0.06  0.008 g · kg1 ·
in1 in controls: P  .9). Heart rate, systolic arterial
ressure, and mean arterial pressure were comparable in
oth groups (P  not significant [NS]). Diastolic arterial
ressure and CPP declined (P  .04) in SVP. Afterload
ugmentation resulted in higher heart rate, systolic arterial
ressure, mean arterial pressure, and diastolic arterial pres-
ure in both groups (P  .05) (Table 1). Total LV outp
ncreased by nearly 100% (P  .05) after conversion to
VP, whereas the proportion of flow directed to the sys-
emic circulation (systemic blood flow indexed to body
eight, expressed as milliliters per minute per kilogram)
rended lower, in both the SVP and control groups (P 
S) (Table 1). Afterload augmentation caused a signifi-
ant increase in systolic arterial pressure, diastolic arterial
ressure, mean arterial pressure, and CPP in both groups
P  .05).
Changes in the laboratory parameters during the exper-
ment are illustrated in Table 2. Creation of SVP result
ower arterial oxygen saturation and CaO2 (P  .05) at 30
inutes, while at 120 minutes such decline was lessened by
trend for higher hemoglobin levels and higher arterial
xygen saturation. Afterload augmentation resulted in a
reater pulmonary blood flow, as shown by the higher
ulmonary/systemic flow ratio, arterial oxygen saturation,
aO2, and lower carbon dioxide tension (P .05). Increased
actate and metabolic acidosis were noted in SVP at 30
inutes (Table 2). Table 3 summarizes changes in M
xygen delivery, and coronary resistance in the subendo-
ardial and subepicardial layers. These data are further
llustrated in Figures 1, E2, and E3. There was a signi
ncrease in MBF to the subendocardial and subepicardial
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Ricci et al Surgery for Congenital Heart Diseaseuscle at 30 minutes in the SVP group (P  .05), whereas
he subendocardial/subepicardial flow ratio and oxygen de-
ivery were unchanged throughout the study in both groups
P NS). Coronary resistance fell at 30 minutes in the SVP
roup (P  .05). During afterload augmentation, coronary
ABLE 1. Physiologic data
ariable Group
emperature (°C) SVP
Control
R (beats/min) SVP
Control
AP (mm Hg) SVP
Control
AP (mm Hg)* SVP
Control
AP (mm Hg) SVP
Control
AP (mm Hg)* SVP
Control
otal LV outflow indexed (mL · kg1 · min1)* SVP
Control
BF indexed (mL · kg1 · min1) SVP
Control
p/Qs SVP
Control
PP (mm Hg)* SVP
Control
VP, Single-ventricle physiology; HR, heart rate; SAP, systolic arterial pre
trial pressure; LV, left ventricular; SBF, systemic blood flow; Qp/Qs, pulmo
alues are expressed as mean  SEM. *P  .05 between groups (2-wa
NOVA). ‡P  .05 as compared with 30 minutes (1-way ANOVA). §P  .
ABLE 2. Laboratory data
ariable Group Baseline
rterial pH SVP 7.40 0.03
Control 7.39  0.02
CO2 (mm Hg) SVP 38  3
Control 33  3
aO2 (%)* SVP 98  2
Control 99  1.4
emoglobin (g/dL) SVP 9.3 0.5
Control 7.1  0.4
aO2 (mL O2/100 mL) SVP 12.8  0.7
Control 10  0.5
rterial lactate (mmol/L) SVP 2.8 0.4
Control 3.9  1.5
VP, Single-ventricle physiology; PCO2, carbon dioxide tension; SaO2, arte
ean SEM. *P .05 between groups (2-way analysis of variance [ANOV
ith 30 minutes (1-way ANOVA). §P  .05 as compared with 120 minutes (1-w
The Journal of Thoracicesistance was unchanged in both groups, although a trend
or an increase was noted in controls (P  NS).
Myocardial oxygen supply/demand ratio declined at 120
inutes in SVP (P  .001), whereas it was unchanged in
ontrols (Figure 2). During afterload augmentation, m
aseline 30 min 120 min Afterload
1 0.2 35.1 0.2 36  0.3 35.9 0.3
4 0.2 35.8 0.2 35.8 0.2 35.8 0.2
0 15 181 7 195 5 199 5†
1 5 180 6 177 3 195 6†
3 4 114 5 119 5 157 8†‡§
2 8 118 9 115 7 150 16†‡§
7 4 47  3† 55 6 79  3‡§
2 7 80  7 78  8 125 6†‡§
4 4 69  4 79  6 108 4‡§
9 6 94  7 92  7 134 6†‡§
8 0.5 6.2 0.8 9.6 1.7† 8.1 2†
9 0.5 3.5 0.4 3  1.1 12.7  4.7†‡§
9 13 202 19† 226 15† 233 12†
0 14 122 18 101 10 88  18
9 13 109 17 94 7 86  5
0 14 122 18 101 10 88  18
NA 0.9  0.1 1.4 0.1 1.7 0.1‡
NA NA NA NA
3 4 41  4† 46 5 71  4‡§
8 6 76  7 74  7 107 5‡§
; DAP, diastolic arterial pressure; MAP, mean arterial pressure; LAP, left
systemic flow ratio; CPP, coronary perfusion pressure; NA, not applicable.
lysis of variance [ANOVA]). †P  .05 as compared with baseline (1-way
compared with 120 minutes (1-way ANOVA).
30 min 120 min Afterload
7.25 0.02† 7.28 0.04 7.31 0.04
7.30 0.02 7.33 0.01 7.37 0.02
47  3 47  3 33  3‡§
44  3 39  3 40  2
67  2† 74 2† 88 1‡§
98 1.5 98 1.5 98  1
9.4  0.4 10.3 0.3 10.1 0.2
8.6  0.5 8.3 0.4 9.1  0.4
8.5 0.5† 11 0.5 12.4  0.3‡
12 1 11.8 1.1 12.3 1.2
11 1.4† 8.9 1.5† 10.3  1.3†
6.6.  1.5 6.4 1.6 4.4  1.2
ygen saturation; CaO2, arterial oxygen content. Values are expressed as
P .05 as compared with baseline (1-way ANOVA). ‡P .05 as comparedB
36.
35.
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16
11
11
6
7
8
8
3.
2.
12
13
12
13
6
6
ssure
nary/
y ana
05 asrial ox
A]). †ay ANOVA).
and Cardiovascular Surgery ● Volume 132, Number 2 255
cl
D
W
g
p  to
s
S
s
l
i
b
d
T
d
V
S
S
S
S
S
S
S
M
S
t e (1-w
Surgery for Congenital Heart Disease Ricci et al
2ardial oxygen supply/demand trended higher in SVP and
ower in controls (P  NS).
iscussion
e previously demonstrated that acute SVP restricts oxy-
en availability to low-priority abdominal organs13 and
artly to the brain.14 The focus of this investigation was
Figure 1. Changes in coronary resistance (mm Hg ·
Coronary resistance fell significantly after creation o
caused a trend for higher coronary resistance in contro
ABLE 3. Changes in regional myocardial blood flow,
elivery, and coronary resistance over time
ariable
ubendocardial flow (mL · min1 · 100 g1)
ubepicardial flow (mL · min1 · 100 g1)
ubendocardial/epicardial flow ratio
ubendocardial oxygen delivery (mL O2 · min
1 · 100 g1)
ubepicardial oxygen delivery (mL O2 · min
1 · 100 g1)
ubepicardial resistance (mm Hg  mL1  min  100 g)
ubendocardial resistance (mm Hg  mL1  min  100 g)
yocardial oxygen supply/demand (ratio)*
VP, Single-ventricle physiology. Values are expressed as mean SEM. *P
he two groups at 30 minutes (t test). †P  .05 as compared with baselinby 1-way analysis of variance (ANOVA).
56 The Journal of Thoracic and Cardiovascular Surgery ● Augutudy transmural MBF distribution in an acute model of
VP with aortopulmonary shunt and balanced pulmonary/
ystemic circulations and to investigate the effects of after-
oad augmentation. Our findings show that (1) SVP results
n a significant decline in CPP such that MBF is maintained
y a significant reduction in coronary resistance; (2) SVP
oes not alter the normal pattern of transmural flow distri-
1 · min · 100 g) during the experimental time points.
P in both myocardial layers. Afterload augmentation
 NS), but not in SVP animals. *P < .05 within-group
ndocardial/subepicardial flow ratio, myocardial oxygen
p Baseline 30 min 120 min Afterload
247 47 459  101 311 67 407 74
ol 243 28 234  30 208 21 259 73
213 48 419  88 312 53 385 70
ol 181 24 198  33 180 24 273 57
1.29 0.1 1.1  0.09 0.97  0.08 1.04 0.01
ol 1.37 0.08 1.26  0.13 1.19 0.08 0.94 0.09
30 5 41 10 33 6 51  7§
ol 24 3 26 2 22  1.3 31 10
26 6 37 9 33  6 48  9
ol 17 2 21 2 20  1.7 32 7
0.34 0.06 0.11  0.05† 0.22 0.07 0.23 0.05
ol 0.29 0.04 0.40.  0.1 0.39 0.08 0.56 0.2
0.42 0.09 0.12  0.02† 0.22 0.06 0.24 0.05
ol 0.42 0.08 0.51  0.14 0.46 0.1 0.54 0.23
1.79 0.1 1.14  0.2† 0.68 0.2† 0.83 0.2†
ol 1.42 0.1 1.49  0.1 1.48 0.1 1.16 0.2
5 between groups (2-way analysis of variance [ANOVA]). P .05 between
ay ANOVA. §P  .05 as compared with 120 minutes (1-way ANOVA).mL
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Ricci et al Surgery for Congenital Heart Diseaseution; (3) afterload augmentation in SVP does not result in
alperfusion of the subendocardial muscle relative to the
ubepicardium; and (4) SVP causes a less favorable myo-
ardial oxgen supply/demand relationship, whereas after-
oad augmentation does not worsen this balance.
Clinical studies on MBF in human SVP are scarce, and
o experimental data are available. Donnelly and col-
eagues,9 using positron emission tomography, found low
esting MBF and coronary reserve in infants who received
tage I Norwood palliation with a modified Blalock-Taussig
hunt than in biventricular physiology. Fogel and cowork-
rs3 studied myocardial perfusion in patients with hypop-
ic left heart syndrome and found that MBF was greater in
atients with univentricular physiology and a systemic-
ulmonary shunt than in those after stage II palliation
hemi-Fontan procedure). They interpreted this phenome-
on as the result of volume loading of the ventricle and
reater myocardial energy requirements.
The consequences of diastolic hypotension, hypoxemia,
nd afterload augmentation on MBF have been investigated
reviously in dual-chambered physiology. Coronary flow,
specially to the subendocardium, is determined by diastolic
ortic pressure and duration of diastole.5,8,16-18 Severe dia-
tolic hypotension can result in abnormal transmural flow
istribution (malperfusion of the subendocardium relative to
he subepicardium).8,17,18 During hypotension, the unequa
istribution of MBF to the ventricular myocardium persists
ith tachycardia.8 Similar patterns of abnormal corona
ow distribution and relative subendocardial malperfusion
an be provoked by severe afterload augmentation.17
We hypothesized that SVP with aortopulmonary connec-
ion could produce similar changes on MBF as a result of
he diastolic runoff and that these could worsen with after-
oad increases. Our SVP model resulted in hypoxemia,
iastolic hypotension, lower CPP, and higher volume load a
The Journal of Thoracicn the ventricle. However, in contrast to previous stud-
es,8,17 creation of SVP did not alter the normal transm
BF distribution (subendocardial/subepicardial flow ratio;
igure E2). We hypothesize that the physiologic chan
roduced by the creation of our SVP model were insuffi-
ient to cause relative subendocardial malperfusion, as sys-
emic and pulmonary circulations were balanced. This
ight not have been the case in the presence of a larger
ortopulmonary shunt and more severe diastolic hypoten-
ion. The relative tachycardia observed in our piglets, partly
he result of inotropic drugs, was unlikely a factor in our
xperiments. Buckberg and coworkers8 found that relativ
ubendocardial malperfusion caused by arteriovenous fistu-
as was a rate-independent phenomenon.
Our study showed that SVP caused a significant decline
n coronary resistance to sustain coronary perfusion, espe-
ially notable at 30 minutes (Figure 1). The creation o
odel depended on the use of inotropic support to maintain
emodynamic stability. Therefore, we did not use coronary
asodilators to study coronary flow reserve, as these could
ave resulted in hemodynamic collapse. However, the ob-
ervation of low coronary resistance to maintain adequate
BF in the face of low CPP suggests that the coronary
irculation has a reduced capacity to vasodilate in response
o increased myocardial oxygen demand. These findings
ould corroborate others’ clinical observations of dimin-
shed coronary reserve9 and limited tolerance to hyp-
ension4 in children with SVP and would support the
f techniques that avoid diastolic runoff and low CPP
ventricle-pulmonary connection).4
In our SVP model, we used the RPP to estimate myo-
ardial oxygen demand, as described by others.16 Whereas
his index correlates with wall stress, the primary determi-
ant of myocardial oxygen demand,19 it does not take in
Figure 2. Changes in myocardial oxygen supply/
demand, estimated as myocardial oxygen deliv-
ery (microsphere method) divided by RPP (SVP
LV flow  Baseline LV flow). Myocardial oxygen
supply/demand fell after creation of SVP (P <
.03, 1-way analysis of variance) and remained
unchanged during afterload augmentation. The
ratio did not change in controls throughout the
experiment, although a downward trend was
noted during afterload augmentation (P  NS).
Differences between the two groups were sta-
tistically significant by 2-way analysis of vari-
ance (P  .04).ccount the significantly larger volume load on the ventricle
and Cardiovascular Surgery ● Volume 132, Number 2 257
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2fter conversion to univentricular physiology. Although
troke volume is not a primary determinant of myocardial
xygen demand, the magnitude of its increase was consid-
rable and might have contributed to increasing oxygen
emands. Therefore, we modified this index by including in
he equation the increase in LV flow in SVP as compared
ith baseline (myocardial oxygen demand  RPP  [SVP
V flow  Baseline LV flow]) to reflect this physiologic
hange, although we acknowledge that this method has
imitations.19 Our findings of less favorable myocard
upply/demand relationship in SVP (Figure 2), compoun
y the diminished coronary reserve, would explain the vul-
erability to myocardial ischemia observed in human
VP.3,4,6
Contrary to our hypothesis, afterload augmentation did
ot affect transmural MBF distribution, nor did it worsen
yocardial oxygen supply/demand. Recent reports sug-
ested that sudden increases in SVR in children with hyp-
plastic left heart syndrome could produce hemodynamic
eterioration, increased pulmonary blood flow, reduced
yocardial perfusion, and increased myocardial work.7 Our
bservations show that, in our SVP model, afterload aug-
entation restored CPP to normal levels, increased pulmo-
ary blood flow through the shunt (increased pulmonary/
ystemic flow ratio, Table 1), and improved CaO2, leaving
yocardial oxygen supply/demand unaffected. One possi-
le explanation of the unchanged subendocardial/subepicar-
ial flow ratio is that higher CPP promoted coronary flow
uring afterload augmentation (Table 1), while the nega
ffect of the increase in wall tension might have been
essened by greater runoff through the aortopulmonary
hunt. In fact, during afterload increase, the left atrial pres-
ure rose significantly in controls but not in SVP piglets
Table 1).
imitations
hether our findings translate to human SVP is unknown.
lthough this model attempts to reproduce human SVP, it is
ot identical to human SVP. These differences could influ-
nce coronary flow (ie, diminutive ascending aorta in neo-
ates with hypoplastic left heart syndrome, right vs LV
ominance, etc). This was an acute model, piglets were born
ith biventricular physiology, and the SVP pumping cham-
er was the LV. The need for sustained inotropic support
nd relatively low hemoglobin levels could have influenced
ur observations. An additional weakness relates to the
entral location of the aortopulmonary shunt, as a more
eripheral insertion could have influenced our finding20
lso, we used aortic balloon inflation to manipulate after-
oad as this method is reproducible and has been validated
reviously.17 However, it might have produced changes t
re not equivalent to clinical situations. Further, as small
iglets tend to have reduced tolerance to cardiac manipula-
1
58 The Journal of Thoracic and Cardiovascular Surgery ● Auguions, we did not study coronary sinus blood for the poten-
ial concerns of altering MBF. We acknowledge that coro-
ary sinus sampling could have provided useful information
n the adequacy of MBF.
In conclusion, our study suggests that, in acute SVP,
yocardial perfusion is maintained by lower coronary re-
istance. If these changes are sustained, the ability of the
oronary system to further vasodilate in response to various
timuli may be reduced. Under our experimental conditions,
he diastolic runoff of SVP did not alter the physiologic
ransmural distribution of MBF, although myocardial oxy-
en supply/demand balance was less favorable than in dual-
hambered physiology. Our study also suggests that mod-
rate afterload augmentation as observed in our physiologic
odel does not directly impair MBF nor does it alter trans-
ural flow distribution, although these findings should be
nterpreted cautiously and in light of the many differences
hat our model has as compared with human SVP. Despite
hese limitations, our findings may expand the understand-
ng of the mechanisms leading to myocardial ischemia in
uman SVP.
We thank the Department of Surgery of the University of
iami Miller School of Medicine for supporting this study and
rs Kenneth G. Proctor and Erle H. Austin for their guidance and
upport.
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2Figure E1. Epicardial echocardiography showing the atrial septostomy and the absence of right ventricular
distention.
Figure E2. Changes in MBF (ml · min1 · 100 g1) to the subendocardial and subepicardial muscle. SVP resulted
in higher MBF to both subendocardium and subepicardium as compared with control, while the subendocardial/
subepicardial ratio was unaffected. Afterload augmentation had no notable effect on MBF or transmural distri-
bution. *Subendocardial/subepicardial flow ratio. subendo, subendocardial; subepi, subepicardial; endo, endo-
cardial; epi, epicardial.59.e1 The Journal of Thoracic and Cardiovascular Surgery ● August 2006
Ricci et al Surgery for Congenital Heart DiseaseFigure E3. Changes in oxygen delivery (mL O2 · min
1 · 100 g1) to the subendocardial and subepicardial muscle
at different experimental data points. There was a trend for higher myocardial oxygen delivery to both layers of
the myocardium after creation of SVP as compared with dual-chambered physiology. subendo, subendocardial;
subepi, subepicardial; ANOVA, analysis of variance.The Journal of Thoracic and Cardiovascular Surgery ● Volume 132, Number 2 259.e2
